ABSTRACT DIRECT analysis by Fourier transform methods revealed interstratification of three components for a homogeneous, potassium-treated and organic-solvated montmorillonite. An initial simple interpretation based on random mixing of two components was shown to be incorrect. Ethylene glycol solvation showed enhanced expansion in agreement with earlier investigations. Glycerol solvation produced a noteworthy contribution from a 14 A component. An interpretation of the 14 A component is suggested, based on an asymmetric distribution of layer charge. Regular interstratification, bending or curling of clay layers and anomalous dehydroxylation temperatures may be a consequence of asymmetric layer charge distribution in moutmorillonites.
INTRODUCTION
PRIOR to about 1958, a common method for estimating the proportions of components in interstratified clays was that of utilizing peak migration curves similar to those given by Brown and MacEwan (1951) . These curves illustrated apparent basal spacings as a function of the proportion of the components. Peak migration curves were constructed assuming strictly random interstratification and were generally applicable only to two-component mixtures or mixtures that could be reduced to two components.
A direct method for analyzing interstratified mixtures by Fourier transform techniques was formulated by MacEwan (1956) . MacEwan, Ruiz Amil and Brown (1961) indicated the superiority of the transform technique over existing methods, since the identity and proportion of components (two or more) and the nature of the interstratification could be deduced from X-ray data. Johns and Tettenhorst (1959) reported the results of an X-ray investigation on a group of pure dioctahedral montmorillonites. Separate portions of these clays were made homo-ionic with potassium and other cations. Solvation of the potassium montmorillonites with ethylene glycol and glycerol and subsequent X-ray examination followed. The proportion of collapsed (approximately 10 A) material and re-expandable (presumably 18 A) material was determined using peak migration curves as one of the methods. A con-elusion was that ethylene glycol invariably expanded more units than glycerol.
One of these montmorillonites (A.P.I, no. 20) was selected as being representative (no. 1 of the 1959 report) and was investigated further. Estimates of the proportion of nonexpandable layers for this potassium-treated montmorillonite based on X-ray data and peak migration curves was 45 per cent for glycerol solvation and 10 per cent for ethylene glycol solvation. All of the diffraction maxima observed were utilized to obtain a mean estimate of the proportion of nonexpandable units. Estimates of the proportion of nonexpandable units for several diffraction maxima clustered around the mean values with deviations not exceeding ±5 per cent. The previous good agreement, based on inclusion of all maxima, initially suggested that estimates were essentially correct, a conclusion now believed to be in error owing mainly to neglect of contributions from a third component having a 14 A periodicity.
RESULTS
The focus of subsequent inquiry was the large diffraction maximum centered at about 14 A on the diffractometer trace of the glycerol-solvated potassium-treated sample. Diffraction effects expected over the (2 sin 6/A) range of 0.05-0.12 for a random mixture of 10 A and 18 A components were calculated using the relation
from MacEwan, Ruiz Amil and , where 0 is a geometrical factor whose form depends on experimental technique, \Fi\'^ is the layerstructure factor, and 4> is the Hendricks and Teller mixing function as given by Brown and MacEwan (1951) . Values of @|F;|^ were calculated from an approximation of Bradley's form factor curve (Fig. 4, 1953 ) which has the form
between the (2 sin 0/A) limits of 0.05-0.12, where d' is the apparent spacing in A. This expression and the Hendricks-Teller function were programmed to obtain expected diffraction effects at all apparent spacings in 0.1 A increments for proportions of expandable units ranging from 10-90 per cent in 10 per cent intervals. Peak migration curves were constructed from these data and are shown in Fig. 1 . Fig. 1 indicates that a strong peak centered at about 14 A is not likely for any 10 : 18 random mixture, although a peak between 9-10 A is clearly indicated. Since the X-ray diagram of the glycerol-solvated montmorillonite showed a 14 A peak and lacked a 9-10 A peak, it was concluded the interstratification was more complicated than originally conceived. where I is the integrated intensity, fx^^ is the reciprocal spacing and its value and the values for 0 and \Fi\^ are taken at the position of maximum intensity. Values for 0|i*"j|^ were; estimated from Bradley's form factor curve. This cosine transform taken parallel to the projected c-axis direction of the clay layers defines the probability of the occurrence of a layer at a distance R from any arbitrary layer chosen as the origin. Five terms were available for the calculation of the transforms for potassium-saturated samples solvated with both glycerol and ethylene glycol ( Table 1 ). The transforms are illustrated in Figs. 2 and 3 for glycerol and ethylene glycol respectively. Positions of maxima in the low two-theta range on the X-ray traces were corrected for rapidly declining geometrical factors (Johns, Grim, and Bradley, 1954) . Data in Table 2 (a) were calculated from the glycerol transform shown in Enhanced expansion with ethylene glycol as compared to glycerol has been noted previously (Johns and Tettenhorst, 1959 ) and implications of this were cited. Presumably, glycerol is more sensitive to differences in composition, structure, layer charge, or other factors.
A check was made to determine whether additional organic molecules could be induced to penetrate clay layers to promote greater expansion and, thus, change the proportion of units listed in Table 2 . Several clay flakes were immersed in glycerol and ethylene glycol for periods ranging up to two months at room temperature and 60°C. Organic liquids were replenished periodically as they deteriorated slowly at the elevated temperature. No change in X-ray pattern was noted.
DISCUSSIONS AND CONCLUSIONS
A noteworthy feature of the Fourier transforms is a strong contribution from a 14 A component. The presence of a 14 A component in montmorillonites saturated with large monovalent cations and solvated with glycerol has been noted (MacEwan, 1951) , although no interpretation has been given. The existence of a 14 A component with ethylene glycol solvation is also indicated from these results, although it is not so pronounced as with glycerol.
A 14 A component obtained, as described above, does not appear common to the montmorillonite end member of expandable clay minerals. This result suggests that A.P.I, no. 20 is not primarily the montmorillonite end member. One layer of organic molecules apparently separates adjacent clay units to give a 14 A spacing. Restricted expansion with potassium in interlayer sites may be the result of an intermediate layer charge on adjacent clay units and/or the location of a layer charge in tetrahedral sites. An estimate of the layer charge was made using the lithium treatment of Greene-Kelly (1955) . About 90 per cent of the clay collapsed irreversibly after lithium saturation, heating, and glycerol solvation. This result suggests that the layer charge of most units in the sample is low but does not necessarily imply that the locus of the charge is octahedral. On the contrary, data from potassium treatment suggest some tetrahedral charge and indicate the beidellite character of the sample. A structural formula presented for this clay by Kerr, Kulp and Hamilton (1951 ) The expandable character of clay minerals having a micaceous structure is intimately connected with layer charge among other factors. In general, nonexpansion is associated with a large layer charge and enhanced expansion is related to a low layer charge. A generally accepted interpretation of the three components noted in this study is that each is associated with some layer charge, octahedral and/or tetrahedral, this charge being equally divided between adjacent clay units. However, although a given amount of expansion depends upon some layer charge, the charge does not have to be distributed symmetrically with respect to the interlayer region. This hypothesis has general implications for montmorillonite structures and properties.
The present investigation is concerned primarily with variations in the interlayer region. These variations are related to differences in adjacent clay layers. An interpretation that emphasizes the interlayer region is outlined schematically in Fig. 4 . The stippled portion of the diagrams represents the primary source of the layer charge for any given unit. The amount of layer charge is not implied by shading, although most A.P.I, no. 20 units have a low layer charge whether the location of the charge is tetrahedral or octahedral. Standard interpretations of micalike units and montmorillonite units are shown in Figs. 4a and 4b respectively.
The existence of a 10 A component, as shown in Fig. 4a , does not necessarily imply substitution in the opposing tetrahedral sheets of a given clay layer in a randomly interstratified clay mineral such as A.P.I, no. 20. Other interpretations of charge distribution for two adjacent clay layers and suggested d^^ spacings are outlined in Fig. 4 . The feature of greatest import that emerges from these diagrams is an asymmetric distribution of layer Magnitude of layer charge presumably is variable.
charge. The spacings suggested apparently depend on the magnitude of layer charge adjacent to a given interlayer region and the proximity of the layer charge to the interlayer ions. Random interstratification of three components (interlayer spacings) indicates that any component can be contiguous with itself or any other. Attempts to construct a model that exhibits random mixing of three components with conventional (i.e. symmetrical layer charge distribution) mica units (high tetrahedral charge) and montmorillonite units (low octahedral charge or low tetrahedral charge) lead to an apparent difficulty. Spacings of 10 A and 18 A cannot be adjacent. An interpretation based on asymmetric layer charge obviates this difficulty and provides three interlayer regions with only two layer charge distributions. This interpretation appears to have an advantage of simplicity.
An alternative to account for random mixing of three components is the presence of units that exhibit more than two symmetrical layer charge distributions. A generalization of this alternative is that clay units may exhibit a continuum of layer charges. Although more conventional, this situation appears to be complex. However, some distribution of layer charge in A.P.I. no. 20 is indicated upon comparison of the transforms (Figs. 2 and 3 ), e.g. only some of the 10 A units with glycerol have remained 10 A units with ethylene glycol.
An asymmetric distribution of layer charge may be a reason for various regular interstratifications, e.g. those that involve alternation of micalike spacings with expanded spacings. One possible interpretation of regular 1:1 interstratification could be an ordered alternation of components (spacings) like those shown in Fig. 4a with those shown in Fig. 4d, e. g. the top unit in Fig. 4a followed by those in Fig. 4d and finally the lower unit in Fig. 4a , etc. The general idea of a polar charge distribution to explain regular interstratification in clays appears to have been noted first by Sudo, Hayashi, and Shimoda (1962) . Cowley and Goswami (1961) reported curved montmorillonite platelets as a result of an electron diffraction study. Although the tetrahedral sheet in micaceous minerals invariably contracts to fit an octahedral sheet by rotations of individual tetrahedra (Radoslovich and Norrish, 1962) , an asymmetric layer charge is one means by which an unbalanced situation might be obtained in micaceous-type layers. A possible result of such an imbalancing could be bending or curling of the platelets. A differential thermal trace of A.P.I, no. 20 montmorillonite is shown in Fig. 5 . Kerr, Kulp, and Hamilton (1951) have discussed the thermal trace of this material and also noted the anomalous dehydroxylation peak at about 500°C and a somewhat low temperature (<900°C) for the high temperature endotherm. The abnormal character of the differential thermal curve may be partly a consequence of clay layers having an asymmetric layer charge distribution.
